Despite its importance as a human pathogen, information on population structure and global epidemiology of Staphylococcus epidermidis is scarce and the relative importance of the mechanisms contributing to clonal diversification is unknown. In this study, we addressed these issues by analyzing a representative collection of S. epidermidis isolates from diverse geographic and clinical origins using multilocus sequence typing (MLST). Additionally, we characterized the mobile element (SCCmec) carrying the genetic determinant of methicillin resistance. The 217 S. epidermidis isolates from our collection were split by MLST into 74 types, suggesting a high level of genetic diversity. Analysis of MLST data using the eBURST algorithm revealed the existence of nine epidemic clonal lineages that were disseminated worldwide. One single clonal lineage (clonal complex 2) comprised 74% of the isolates, whereas the remaining isolates were clustered into 8 minor clonal lineages and 13 singletons. According to our evolutionary model, SCCmec was acquired at least 56 times by S. epidermidis. Although geographic dissemination of S. epidermidis strains and the value of the index of association between the alleles, 0.2898 (P < 0.05), support the clonality of S. epidermidis species, examination of the sequence changes at MLST loci during clonal diversification showed that recombination gives rise to new alleles approximately twice as frequently as point mutations. We suggest that S. epidermidis has a population with an epidemic structure, in which nine clones have emerged upon a recombining background and evolved quickly through frequent transfer of genetic mobile elements, including SCCmec.
Despite its importance as a human pathogen, information on population structure and global epidemiology of Staphylococcus epidermidis is scarce and the relative importance of the mechanisms contributing to clonal diversification is unknown. In this study, we addressed these issues by analyzing a representative collection of S. epidermidis isolates from diverse geographic and clinical origins using multilocus sequence typing (MLST). Additionally, we characterized the mobile element (SCCmec) carrying the genetic determinant of methicillin resistance. The 217 S. epidermidis isolates from our collection were split by MLST into 74 types, suggesting a high level of genetic diversity. Analysis of MLST data using the eBURST algorithm revealed the existence of nine epidemic clonal lineages that were disseminated worldwide. One single clonal lineage (clonal complex 2) comprised 74% of the isolates, whereas the remaining isolates were clustered into 8 minor clonal lineages and 13 singletons. According to our evolutionary model, SCCmec was acquired at least 56 times by S. epidermidis. Although geographic dissemination of S. epidermidis strains and the value of the index of association between the alleles, 0.2898 (P < 0.05), support the clonality of S. epidermidis species, examination of the sequence changes at MLST loci during clonal diversification showed that recombination gives rise to new alleles approximately twice as frequently as point mutations. We suggest that S. epidermidis has a population with an epidemic structure, in which nine clones have emerged upon a recombining background and evolved quickly through frequent transfer of genetic mobile elements, including SCCmec.
Staphylococcus epidermidis is one of the most prevalent causes of nosocomial infections associated with the immunocompromised and patients with indwelling medical devices. An international survey performed in Europe, Asia, and Latin America revealed that approximately 70% of the S. epidermidis strains circulating in the hospital environment are resistant to methicillin and that the overwhelming majority of them are also resistant to other antimicrobial classes (35) . Resistance to methicillin in staphylococci is known to be associated with the presence of the mecA gene, which codes for a penicillin-binding protein with low affinity for ␤-lactam antibiotics (PBP2A) (14, 42) . The mecA gene is carried by a genetic mobile element called the staphylococcal chromosomal cassette mec (SCCmec) (20) , which integrates specifically in an open reading frame of unknown function, orfX (18) . To date, six different SCCmec structures have been identified in methicillin-resistant Staphylococcus aureus (17, 19, 20, 31) and evolutionary models proposed for the emergence of nosocomial methicillin-resistant S. aureus suggest that SCCmec has been acquired at least 20 times by this species (34) .
Molecular typing of nosocomial S. epidermidis strains by several typing methods has shown considerable diversity within the S. epidermidis population (2, 5, 10, 11, 25, 27, 29) . This was observed not only in studies involving isolates from diverse geographic or clinical origins (27, 29, 45) but also in collections which originated from the same hospital (6) and even in a single intensive care unit (2) . Variations in the pulsed-field gel electrophoresis (PFGE) macrorestriction pattern were even detected among isolates recovered from the same infection site of a single patient (10, 43, 48) . Paradoxically, the same studies also reported the dissemination of S. epidermidis strains among different patients, wards, hospitals, and even different countries, supporting the hypothesis of the clonal nature of the S. epidermidis population.
PFGE has been the most widely used method for studying methicillin-resistant S. epidermidis (MRSE) nosocomial outbreaks (5) and local transmission (1, 16, 33, 37) , allowing the identification of locally disseminated MRSE clones. The molecular characterization of nosocomial MRSE from Iceland and Denmark by PFGE provided the first evidence for geographic dissemination of S. epidermidis strains (27) . Nevertheless, PFGE is not the method of choice when the purpose is to identify clones disseminated worldwide, since it analyzes the whole chromosome, parts of which may be evolving relatively rapidly. Multilocus sequence typing (MLST), based on se-quencing of conserved housekeeping genes, is proving to be the typing tool most appropriate to the study of the global epidemiology of many pathogenic bacteria due to the unambiguous nature of DNA sequences and the ease with which this and other information can be stored and retrieved via the internet (www.mlst.net).
Three different MLST schemes have been proposed for S. epidermidis (45, 46 ; S. J. Peacock, personal communication) that differ in several of the genes analyzed. Nevertheless, the application of these MLST schemes to geographically and clinically diverse S. epidermidis collections fails to provide adequate resolution to study S. epidermidis epidemiology. Very recently, an improved MLST scheme based on a comparative study of the previously reported MLST schemes was proposed (41) to be the one adopted and recognized as the MLST scheme for S. epidermidis.
The origin of diversity in S. epidermidis is still unclear; nevertheless, insertion sequences appear to play an important role in genome flexibility, as proven by chromosomal rearrangements promoted by IS256 that affected biofilm production and antibiotic resistance (48, 49) . Our own studies revealed that variation in S. epidermidis may also be a consequence of frequent acquisition of mobile elements, such as SCCmec, at the orfX region (26) . However, the extent to which homologous recombination contributes to clonal diversification in S. epidermidis is at present unexplored. The clarification of the origins of diversity in S. epidermidis will be of critical importance in the selection of the most appropriate typing strategy for successful epidemiological surveillance.
In the present study, we examined the diversity/clonality paradox by characterizing the population structure of S. epidermidis using MLST. From MLST data, we estimated the relative contributions of recombination and mutation in strain diversification and examined the dynamics of the SCCmec element in S. epidermidis. (32) , and WIS (19) were included as controls for SCCmec types I, II, III, and V, respectively. Strain N315 was used as control for ccrAB2 complex, and strain COL was used as a control for mec complex class B, associated with SCCmec types IV and I.
MATERIALS AND METHODS

Bacterial isolates.
Criteria used for classification of isolates as originated from infection or colonization. The following criteria were used to classify the origin of S. epidermidis isolates from Denmark: (i) for blood, a judgment call was formed based on the analysis of additional data regarding other possible infection sites in the same patients (e.g., urine, sputum, other blood cultures, abscess, and medical devices); (ii) for urine, significant growth in a pure culture was regarded as infection; (iii) for respiratory tract, microbial growth in the sputum visible under the microscope was classified as infection; (iv) for a wound, that from abscess was considered to be from infection and that from chronic ulcers was regarded as colonization; and (v) for continuous ambulatory peritoneal dialysis devices, significant growth from tips was classified as infection. The following criteria were used to classify the origin of S. epidermidis isolates from Iceland: (i) for blood, a single blood culture set was regarded as colonization and the presence of bacteria from more than one set was regarded as infection; (ii) for urine, significant growth (Ͼ100,000 bacteria/ml) in relatively pure culture was classified as infection; (iii) for respiratory tract, the majority of isolates were considered to be from colonization; (iv) for a wound, open heart surgery wounds or wounds from catheter sites with more than 15 colonies of pure culture were regarded as infection. Isolates from the remaining countries were considered as being from infection or colonization sites, according to local clinicians' evaluation criteria.
DNA preparation. Genomic DNA for PCR was extracted by cell lysis (a mixture of 0.2 g/l of lysostaphin, 1 mM EDTA, and 10 mM Tris [pH 8]) at 37°C for 1 h, followed by heating at 95°C for 15 min.
Analysis of SCCmec structure. The structures of the ccr and mec complexes were determined by conventional PCRs as described by Hiramatsu and colleagues, and SCCmec types I through V were defined by the combination of the type of ccr complex and the class of mec complex (19, 30) as follows: SCCmec type I (mec complex B, ccrAB1); SCCmec type II (mec complex A, ccrAB2); SCCmec type III (mec complex A, ccrAB3), SCCmec type IV (mec complex B, ccrAB2), and SCCmec type V (mec complex C, ccrC). SCCmec was considered as nontypeable when the ccr complex, the mec complex, or both were nontypeable. The mec complex was considered nontypeable when no PCR amplification occurred for any of the primer pairs used. The ccr complex was considered nontypeable when a positive PCR amplification signal was obtained only for ␤c/␣c primers or when no PCR amplification occurred for any of the primer pairs used.
MLST. MLST was carried out using the new MLST scheme described by Thomas et al. (41) , which is based on the sequencing of internal fragments of seven housekeeping genes. The fragments were amplified by PCR using primers within highly conserved regions. Sequences of both strands of all amplicons were resolved with an ABI Prism 3700 DNA sequencer using BigDye (version 3) fluorescent terminators. Numbers for alleles and sequence types (STs) were assigned according to the S. epidermidis MLST database (http://sepidermidis.mlst .net/). eBURST algorithm. The most likely patterns of evolutionary descent in our collection were assessed using the eBURST algorithm (http://eburst.mlst.net) (9) . The most restrictive group definition was used, in which STs were included within the same group only if they shared a minimum of six of the seven MLST loci with at least one other ST in the group. The statistical confidence in the assigned primary founders was determined by a bootstrap resampling procedure (1,000 samples). In our study, an ST was considered as a subgroup founder if it had at least three single locus variants (SLVs). Clonal complexes were represented by the abbreviation "CC" followed by the number of the clonal complex founder or by the number of the ST that had the highest number of isolates inside that clonal complex. For example, CC2 is the clonal complex for which ST2 is the founder. Singletons were represented by the abbreviation "S" followed by the corresponding ST number.
Phylogenetic analysis. The in-frame sequences at the seven loci for each sequence type defined within the collection analyzed were concatenated, in the order of loci used to define the allelic profile. Sequences were aligned by CLUSTALW, and a minimum evolution (ME) tree was then constructed from the concatenated sequences (3,003 bp) by using the Kimura two-parameter model for estimating pairwise genetic distances. An initial tree was obtained by the neighbor-joining method, and the minimum-evolution method was used to search for the tree which minimizes the sums of the branch length estimates, by branch swapping and by closest-neighbor interchange (40) . The degree of statistical support for the nodes on the minimum evolution tree was evaluated by examining their percent recovery in 1,000 resample trees by the bootstrap test (38) . In addition, evolutionary trees were also constructed for each MLST locus. The sequences of all of the alleles identified within each locus were aligned by CLUSTALW, and trees were built through the application of the neighborjoining method and the Kimura two-parameter as a model for estimating pairwise distances. The nucleotide diversity for each MLST locus and the respective standard error were calculated, considering the mean diversity in overall popu- (22) .
Estimates of recombination rates. The per-allele and per-site recombination/ mutation (r/m) parameter was empirically calculated by counting the number of polymorphisms introduced by mutation or recombination according to previously described methodology (8) . According to this methodology, if the variant allele in one isolate differed at a single nucleotide site from the corresponding allele in the descendant SLV, the emergence of the variant allele was considered as having arisen by mutation. If, however, the difference involved a multiplenucleotide change or single-nucleotide change previously observed within the collection analyzed, the emergence of the variant allele was considered to have resulted from a recombination event.
Tests for recombination. The index of association standardized (I A S ) between the different MLST loci was calculated using LIAN program (version 3.1, Department of Biotechnology and Bioinformatics University of Applied Sciences Weihenstephan; http://adenine.biz.fh-weihenstephan.de/lian_3.1/) (15) . If there is linkage equilibrium, the expected value of the index of association (I A S ) is zero and recombination events must occur frequently. If the I A S (P Ͻ 0.05) value differs significantly from zero, recombination should be rare.
Genotypic diversity. Genotypic diversity (h) (36) was calculated for MLST data for the entire collection and for specific epidemiologically relevant subgroups of the collection (methicillin resistant/susceptible or from infection/colonization origins). Confidence intervals were calculated according to Grundmann et al. (13) .
RESULTS
Nucleotide sequence variation for each MLST locus. The sequences of internal fragments of the seven housekeeping genes, ranging in size from 412 to 465 bp, were determined for 217 S. epidermidis isolates. Between 8 (mutS) and 16 (yqiL) alleles were found for each locus (see Table 1 ), and the number of polymorphic nucleotide sites at the seven loci varied between 9 (gtr) and 27 (aroE). No positive correlation was found between the number of polymorphic sites and the number of alleles for each gene. Except for mutS and tpi, which showed lower values of nucleotide diversity ( ϭ 0.007 and 0.008, respectively), the remaining genes showed a comparable nucleotide diversity ( ϭ 0.011 to 0.018).
Identification Tables 2 and 3 ).The major clonal complex, CC2, comprised 39 different STs and included 159 S. epidermidis isolates (10 MSSE and 149 MRSE). CC2 consisted of two main domains, one containing the predicted ancestor (ST2) of this clonal complex and respective SLV and double-locus variants (DLV)-cluster I-and the other containing the remaining STs related in a multiplebranch-like manner that included several subgroup founders (ST5, -6, -57, -85, and -89)-cluster II (Fig. 1) .
Geographical dissemination of S. epidermidis strains. Isolates analyzed in this study comprised S. epidermidis isolates from different geographic regions, including 17 countries and four continents. Among the 74 STs identified in our collection, 22 were attributed to strains isolated in more than one country. The most widely disseminated type was ST2, which was identified in strains isolated in as many as 13 different countries (Table 2 ) across four continents (South America, Europe, Africa, and Asia). A similar dissemination was observed for S. epidermidis strains with ST59, ST23, and ST20, which were identified in eight, seven, and five countries, respectively (Tables 2 and 3). Strains of the remaining STs were also found to be spread among various countries, yet on a narrower scale (less than five countries). Of importance, we observed that strains within each of the two clusters inside CC2 did not originate from a specific geographic location, excluding the possibility of any kind of geographic subspeciation in the for- a Based on the ccr and mec complex type only. SCCmec entries with mec complex class followed by ccr complex type are shown when an SCCmec type was not attributable because ccr and/or the mec complex class was nontypeable or when a not-yet-described association between ccr and the mec complex was found.
b I, infection origin; C, colonization origin.
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at Penn State Univ on April 16, 2008 jb.asm.org mation of these two clusters. On the other hand, we found 52 STs that were assigned to strains isolated in a particular nation, as in the case of ST41, -44, -53, -62, -65, -72, and -79, which were only identified in strains isolated in Cape Verde, and ST17, -35, -37, -57, -60, -73, and -90, which were identified in strains collected in Portugal. Distribution of disease and carriage isolates. Eighty-seven S. epidermidis isolates collected from colonization sources and 107 isolates from infection were distributed into 42 different STs each. The calculation of genotypic diversity (h) revealed that isolates from carriage were more diverse (h ϭ 0.93, with a CI of 0.90 to 0.97) than those from disease (h ϭ 0.81, with CI of 0.74 to 0.88). The most frequently found sequence type among carriage isolates was ST2 (21%), followed by ST59 (7%), ST22 (6%), and ST5 (5%), while the remaining STs accounted for less than 5% of isolates each. From infections, the most frequently found ST was also ST2 (41%), followed by ST23 (8%) and ST59 (7%). Each of the remaining STs represented less than 5% of the infection isolates. A total of 16 STs were common to carriage and disease isolates, including all of the STs predominant in the collections of each type of origins (ST2, -5, -22, -23, -40, and -59).
Distribution of MSSE and MRSE isolates. Isolates analyzed in this study included 20 MSSE isolates that were clustered into 19 different STs and 197 MRSE isolates that were split into 63 STs. Genotypic diversity, in terms of MLST results, was higher among MSSE (h ϭ 0.95, with a CI of 0.93 to 0.96) than among MRSE (h ϭ 0.91, with a CI of 0.87 to 0.95) isolates. Sequence type 2 was the most predominant ST among MRSE (34%), followed by ST59 (6%) and ST23 (5%). Regarding MSSE, half of the isolates corresponded to STs within CC2 (10 isolates), while the remaining isolates belonged to singletons (9 isolates) and to an ST included in CC33 (1 isolate). Six STs (ST33, -54, -59, -85, -86, -88, and -89) were identified in both susceptible and resistant isolates. In addition, we observed that with the exception of MSSE strains with ST54, all of the MSSE b Based on the ccr and mec complex type only. SCCmec entries with mec complex class followed by ccr complex type are shown when a SCCmec type was not attributable because ccr and/or the mec complex class were nontypeable or when a not-yet-described association between ccr and mec complex was found.
c I, infection origin; C, colonization origin.
isolates belonging to CC2 were localized inside cluster II, whereas cluster I of the same complex comprised MRSE isolates only.
Distribution of SCCmec among main MRSE clonal lineages.
A total of 139 MRSE isolates, including at least one of each ST, were selected for SCCmec characterization. Almost half (41%) of the 139 S. epidermidis isolates selected for characterization harbored SCCmec type IV, whereas 27% carried SCCmec type III. In contrast, SCCmec types V, I, and II were poorly represented in the collection studied (6%, 4%, and 4%, respectively). In addition, we identified 15 isolates carrying SCCmec structures with new associations between ccr complex and mec complex that may correspond to three novel SCCmec structures: mec complex A associated with ccrC (8 isolates), mec complex C associated with ccrAB2 (5 isolates), and mec complex B associated with ccrAB3 (2 isolates). The remaining isolates, corresponding to 7% of the collection analyzed, carried SCCmec types that were nontypeable by the method used.
SCCmec type IV was present in a wide range of distinct genetic backgrounds, namely seven different clonal complexes (CC1, -2, -11, -21, -23, -49, and -66) and three singletons (S65, S72, and S82), which altogether accounted for 39 STs. In contrast, the distribution of the remaining SCCmec types was restricted to only a few different genetic backgrounds: SCCmec type I was present in strains within CC42, SCCmec type II was detected in strains belonging to both CC2 and CC11, SCCmec type III was found to be exclusively associated with strains belonging to CC2, and SCCmec type V was carried by strains within CC2 and S56.
Estimate of SCCmec acquisitions. Considering the evolutionary relationships as defined by eBURST as well as SCCmec typing results, we attempted to estimate the number of times SCCmec was acquired by S. epidermidis. In order to achieve this goal, an evolutionary model for SCCmec acquisition was proposed based on the following assumptions: (i) there is a low probability of SCCmec excision occurring, since all strains were isolated in the hospital environment, where antibiotic pressure is high, and (ii) there is a low probability that the exact same mutation occurs twice. Taking these assumptions into consideration for the entire S. epidermidis collection analyzed, we estimated that SCCmec was acquired 56 times by S. epidermidis. Noticeably, SCCmec acquisitions occurred preferentially within CC2 (38 out of 56 acquisitions) (see Table 4 and Fig. 2 for estimates of acquisitions among CC2 strains).
Clustering and phylogenetic analysis. With the purpose of validating the clustering and evolutionary model proposed by eBURST, a ME tree from the concatenated sequences of the seven MLST genes of all 74 STs was constructed.
The clustering performed by the eBURST and ME tree agreed globally, but the minimum evolution tree showed a higher resolution of phylogenetic relations, as expected (Fig.  3A) . CC2 was clearly split into two distinct groups, as was observed in the eBURST scheme; however, this method further separated the former cluster II into two subclusters. In addition, we noticed that certain STs (ST10, -35, -40, -41, -71, -83, and -87) in the ME tree were detached from the original eBURST CC. Analysis of the type of variation occurring between the detached STs and their direct ancestors revealed that variant loci differed at multiple sites (between 7 and 14 nucleotides), which leads to the separation observed in the ME tree. In addition, we observed that certain singletons were included in the same branch as particular CC, such as S8, S44, S55, S60, S73, and S90, in CC2 cluster II. Similarly, CC1, CC21, and CC42 in the ME tree were clustered together with the CC2 branch. When we scrutinized the allelic profiles of the singletons and of STs belonging to CC1, CC21, and CC42, we confirmed that they were no more than triple-or double-locus variants of STs belonging to CC2. These evolutionary relations were not found using eBURST, perhaps due to deficiencies in strain sampling which failed to recover an SLV able to make the link between those STs in the collection analyzed.
With the objective of examining the possible impact of recombination on the structure of the population analyzed, we compared the ME tree from the concatenated sequences with evolutionary trees for each of the MLST genes analyzed (Fig.  3B) . For comparison we included in each evolutionary tree the CCs in which that specific gene allele was identified. The gene tree that best fits the concatenated ME tree is the tree for mutS. In this tree, as in the ME tree, two branches can be discerned: one containing CC1, CC2 (clusters I and II), CC21, CC23, and CC42 and the other containing CC11, CC33, CC49, and CC66. Although in the remaining gene trees two independent branches can be also identified, there is no clearly defined distribution of the different CCs between these two branches. Particularly, CC2 cluster II could not be placed with confidence within either branch and CC2 cluster I was consistently assigned to the same branch in only four gene trees constructed (aroE, gtr, mutS, and pyrR). However, an association of CC1, CC21, and CC42 with CC2 cluster II could be observed, as evidenced by the clustering of each of these CC complexes in the same branch or cluster of the gene trees as CC2 cluster II. An identical type of association was also observed CCs  CC2  II, III, Total 56
a Based on the ccr and mec complex type only. SCCmec entries with mec complex class followed by ccr complex type are shown when a SCCmec type was not attributable because ccr and/or the mec complex class were nontypeable or when a not-yet-described association between ccr and the mec complex was found.
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Contribution of mutation and recombination to clonal diversification. (i) r/m parameter.
The comparison of the sequence of each variant allele with the corresponding allele in the descendant SLV showed that 37 out of the 52 single-locus variations occurring in our collection originated from a recombination event, whereas only 15 arose by mutation (Table 5) . This resulted in a per-allele r/m parameter of 2.5:1. A value of 10:1 was obtained for the per-site r/m parameter, suggesting that individual nucleotide sites are at least 10 times more likely to change by recombination than by mutation. (ii) Index of association. The value of the index of association standardized (I A S ) was 0.2898 (P Ͻ 0.05) (Table 6 ), indicating that there is linkage disequilibrium or association between the alleles. Restriction of analysis to phylogenetic significant subgroups, such as STs belonging to CC2 or STs included in clusters I and II of CC2, led to a consistent reduction in the I A S values, indicating that association between the alleles is less significant in some subgroups of the population. Actually, within CC2, no association between the alleles was found, when only the STs from this CC were considered (I A S ϭ Ϫ0.0011; P Ͼ 0.05). On the other hand, when we restricted the analysis to STs taken as units (74 isolates, representing one of each ST) as opposed to the entire collection (217 isolates), a parallel decrease in the I A S values was observed (to 0.1685; P Ͻ 0.05) and the same type of effect was observed for CC2 clusters I and II.
Synonymous and nonsynonymous substitutions. Within all of the SLVs from our collection, the number of synonymous substitutions (n ϭ 95) exceeded the number of nonsynonymous substitutions (n ϭ 71). With the exception of the mutS locus (d S /d N , Ͻ1; P ϭ 0.221), in all loci analyzed the ratio between the number of synonymous changes per synonymous site and nonsynonymous changes per nonsynonymous site had values of Ͼ1 (d S /d N Ͼ 1, with P ϭ 0.001 to 0.014) ( Table 1) .
DISCUSSION
The purpose of this study was to reveal S. epidermidis population structure by analysis of a geographically diverse and representative collection of nosocomial S. epidermidis isolates by MLST. Moreover, we aimed to verify the existence of epidemic S. epidermidis clonal lineages and to analyze the dynamics of SCCmec in this species.
The molecular characterization of 217 nosocomial S. epidermidis isolates by the improved MLST scheme identified 74 sequence types and an average of 12 distinguishable alleles per locus, indicating a high level of genetic diversity at slowly evolving loci. The existence of such diversity can be due in part to the fact that we intentionally selected isolates from a wide range of geographic and clinical origins. However, a high level of diversity within S. epidermidis was also observed in other studies, when the analysis was restricted to a single country (27) or to a single clinical origin (10) . This genetic diversity may be caused by the need for isolates to adapt to different environments in hospital and community settings, leading to increased frequency of horizontal gene transfer and dissemination of mobile genetic elements.
Despite the variability observed, a large number of STs (22 types) were found in more than one country, on several occasions up to 6 years apart. The recurrence of the same ST is indicative of a clonal population structure. Also, the existence of linkage disequilibrium between MLST alleles (I A S ϭ 0.2898 with P Ͻ 0.05) when the entire collection was analyzed is a factor supporting the clonal nature of this species. However our sampling, biased as it is towards disease-causing isolates, does not fairly represent the global natural population, where isolates from infection are not so common. Our data suggest that S. epidermidis cannot be considered as a highly clonal microorganism since we estimate that recombination contributes approximately twice as much to clonal diversification as point mutations do. Moreover, a history of recent recombination was also evidenced by the lack of consistency within the trees for each MLST gene locus and between the tree for each gene locus and the ME tree for concatenated sequences. These apparently contradictory results are similar to those from studies on other bacteria such as Neisseria meningitidis, for which an epidemic population structure has been proposed (39) . In this type of population, emergent clones appear superimposed on a background of frequent recombination. We suggest that the S. epidermidis population has a similar type of population structure, in which recombination leads to a higher frequency of nucleotide substitution than point mutation, but it is not sufficiently frequent to prevent the emergence of clones. The hypothesis of an epidemic population structure, in which occasional clones emerge and spread, is supported by the observed decrease in the value of I A S when only the 74 STs were considered, as opposed to the entire collection. These results could in part be explained by the existence in our collection of a single ST (ST2) that accounts for 31% of the isolates, which has weakened the observed effect of recombination on the entire population. However, we cannot rule out the possibility that ST2 is not genuinely that common in the natural population and that its high frequency could result from a sampling artifact. Particularly interesting was the observed consistent decrease in the value of I A S as different groups within the collection were selected, indicating that recombination may be occurring at different rates throughout the population. Actually, equilibrium between the alleles was observed within CC2, indicating that recombination seems to be occurring at a particularly high rate within this CC. The favored occurrence of recombination within a given CC, as opposed to recombination between different CCs, was suggested before for S. aureus (21) and was recently proposed to derive from the fact that strains of the same genetic lineage have specific restriction modification systems (44) . As a consequence, DNA from different lineages of S. aureus will be recognized as foreign and the transfer of genetic material between the two lineages will be prevented, whereas the transfer of DNA within strains of the same lineage will be allowed. A similar type of mechanism might be occurring in S. epidermidis. The higher recombination rates observed within CC2 might also be a result of exclusive restriction modification systems between different S. epidermidis lineages. This mechanism would favor the recombination between S. epidermidis strains belonging to CC2 as opposed to recombination between strains of CC2 and strains of other lineages. The estimates of recombination (r/m of 2.5:1) as well as the type of population structure proposed here are quite different from those proposed by others for S. epidermidis ' close relative, S. aureus, which has an r/m of 1:15 and a highly clonal population structure (7). These differences are illustrative of completely distinct epidemiologies, evolutionary histories, and capacities for DNA transfer between these two Staphylococcus species.
A single genetic lineage (CC2) comprising an unusually large number of STs accounted for the great majority of the population analyzed (74%). The identification of a single predominant clonal lineage with such a large number of STs could be explained in part by the high rates of recombination detected in this study for S. epidermidis. The generation of new SLVs via recombinational replacements from a common gene pool in the long term may have had the effect of homogenizing the population, as a larger number of alleles became shared. Since in S. epidermidis, recombination seems to be allied to a very diverse gene pool, as evidenced by the large number of alleles in the collection, it is expected that a large number of different STs would be produced. The result is the generation of a group of extremely diverse STs with a large number of common alleles that in the eBURST figure will inevitably be clustered together, as is the case of CC2. Although part of this clonal complex (cluster II) seems to be particularly incoherent, probably due to recombination events, as is illustrated by the lack of phylogenetic consistency in the minimum evolution tree, the other part (cluster I), which contains the most represented ST (ST2), appeared to have a strong phylogenetic signal. The clonality of this cluster (cluster I of CC2) was further supported by the fact that all S. epidermidis strains included in this cluster were MRSE strains, whereas the other cluster integrated all of the MSSE strains belonging to CC2.
Besides CC2, another eight minor emergent epidemic clonal lineages were identified which seem to also have the ability to spread widely. Transmission promoted by the high rate of migration of the human population probably contributes to dispersal of S. epidermidis strains between different countries and continents. The success of strains belonging to these eight clonal lineages and specifically of strains of CC2 may be associated with an improved capacity for dissemination, as demonstrated by the identification of this CC in 13 different countries. This could derive from the fact that these strains are either better equipped for colonization or can better evade the host's immune system. In addition, strains of CC2 appear to have an enhanced capacity for transfer of genetic material, as was illustrated by the high estimates of recombination rates when only STs from CC2 were considered and by the large number of SCCmec acquisitions within this clonal complex. The predominance of this lineage in the hospital environment may be connected to its aptitude for frequent recombination that could have brought genomic plasticity to this S. epidermidis lineage and contributed to the acquisition and modulation of antibiotic resistance determinants.
A surprisingly large number of SCCmec acquisitions by S. epidermidis were estimated to have occurred when we applied our evolutionary model to study isolates. Aware that the robustness of such a model is dependent on the representativity of the collection analyzed, the isolate collection used to estimate the number of SCCmec acquisitions by S. epidermidis was carefully selected to include representatives of the entire nosocomial population, namely isolates from colonization and infection from distinct sources and methicillin-susceptible and methicillin-resistant isolates from several countries. However, taking into consideration that S. epidermidis is mainly a commensal microorganism and that the frequency of MRSE in the hospital environment is around 60 to 70% in the majority of countries, the collection analyzed still holds two biases, such as the low number of isolates from nonclinical origin and the underrepresentation of susceptible isolates. Results from the present study demonstrated that susceptible and colonization isolates have a higher genotypic diversity than isolates that are resistant or have an infection origin. On the one hand, the sampling bias introduced may have lead to the underestimation of SCCmec acquisition due to the noninclusion of eventual MRSE strains that were singletons. On the other hand, it may have resulted on an overestimation of the number of SCCmec acquisitions since we may have considered that two unlinked STs had acquired the same SCCmec independently when in fact a link between the two was missing and a single acquisition may have occurred instead. Although the number of SCCmec acquisitions calculated may be biased because of the reasons presented, the magnitude of such a number is impressive and is illustrative of the enhanced capacity of S. epidermidis to acquire this type of mobile element. This observation is in agreement with our previous finding of a high genetic variability near the site of integration of SCCmec in S. epidermidis (26) . SCCmec type IV was the SCCmec most frequently acquired by S. epidermidis (23 out of 56 acquisitions), which is in accordance with the enhanced mobility of this type of SCCmec already observed in S. aureus (34) . The reason why the estimates for SCCmec acquisitions in S. epidermidis were much higher than those for S. aureus (34) is unclear. We hypothesize that S. epidermidis may be better adapted, due to an earlier contact with SCCmec, or may have the capacity to adapt faster to this piece of foreign DNA than S. aureus. In addition to the large number of SCCmec acquisitions, a high rate of homologous replacement of MLST genes was observed in S. epidermidis, evidencing an overall enhanced capacity for horizontal gene transfer compared to S. aureus. A recent review by Narra and Ochman suggests that generally there is no tight coupling between the degree of reassortment of genes through recombination and the amount of laterally acquired genes within a genome (28) . However, one may speculate that mechanisms common to both events, like the ones involved in the blocking of horizontal gene transfer (restriction modification system) or in the maintenance of the acquired gene in the chromosome (recombination), may be adjusted to make S. epidermidis a more permissive species to the acquisition of foreign DNA than S. aureus. Alternatively, the difference in capacities for horizontal gene transfer between S. aureus and S. epidermidis may reflect the different ecologies of the two species. The broader habitat of S. epidermidis may promote a more frequent contact with other strains and species, leading to an increase in the rates of homologous recombination and SCCmec acquisition. Another possibility is that horizontal gene transfer may be favored during biofilm formation, the major virulence factor of S. epidermidis.
At least 12% of the isolates from our collection carry new variants of SCCmec (either nontypeable or new associations of mec complex/ccr complex), which is evidence of a high genetic diversity in SCCmec carried by S. epidermidis, as previously seen (26) . This observation contrasts sharply to what is known for S. aureus, in which only five SCCmec types were identified among a wide collection of isolates. So far little is known regarding the origin and evolution of SCCmec: even so, the existence of similar regions among different SCCmec types (3) indicates that SCCmec seems to have undergone several sequential recombinational events, giving rise to mosaic-like structures. We believe that a reservoir of SCCmec variants is being produced in S. epidermidis and subsequently transferred to S. aureus and to other staphylococcal species.
All of the MLST loci, with the exception of mutS, seem to be under purifying selection, indicating that functionality of the housekeeping genes from the scheme used is, as expected, very important for bacterial survival and that there is no or little accumulation of deleterious mutations. The mutS gene, which is involved both in mismatch repair and in prevention of recombination between homologous fragments, seems to have been subjected to positive selection, meaning that natural selection favored particular alleles most probably due to the necessity of adaptation to any pressure in the environment. This observation is particularly striking since mutations in this gene are already described to create mutator phenotypes with high rates of mutation and promiscuous recombination in E. coli (24) . Mutations in the S. epidermidis mutS gene during diversification may also lead to the emergence of mutator phenotypes that might function as a source of genetic variation and adaptation in S. epidermidis.
In contrast to the older MLST schemes, which gathered all of the isolates analyzed from distinct collections into only one or two clonal groups (45, 46) , the improved MLST scheme applied in this study (41) allowed the identification of eight minor clonal complexes and several singletons in addition to the major clonal complex. These results confirmed that the improved MLST scheme has a better discriminatory ability than the previous ones and should be adopted henceforth as the unique and universal S. epidermidis MLST scheme (4) .
MLST together with SCCmec typing data provides a clear picture of S. epidermidis population structure, evolution, and dynamics. Our data indicate that nosocomial S. epidermidis has an epidemic population that evolves quickly by means of recombination and frequent transfer of genetic mobile elements, including SCCmec.
